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TITLE OF THE INVENTION 

METHOD AND APPARATUS FOR MEASURING THICKNESSES OF 
LAYERS OF MULTILAYER THIN FILM 



BACKGROUND OF THE INVENTION 

The present invention relates to method and apparatus 
for measuring thicknesses of respective layers of a 
multilayer thin film, and more particularly, to method and 
apparatus for measuring thicknesses of respective layers of 
a multilayer thin film, which are capable of measuring the 
thicknesses at a higher accuracy and instantaneously, and 
also applicable to a sample in production line non-destruct . 

As a method for measuring thicknesses of respective 
layers of a light-transmittable multilayer thin film by non- 
destructive method, the present inventors have previously 
proposed the "method for detecting a layer thickness of a 
multilayer thin film" by a fast Fourier transform (FFT) 
method. In the thickness detection method, a reflected 
light obtained from a sample by irradiating a white light 
thereto is spectrally dispersed, and then the resultant 
reflection spectrum is obtained. Thereafter, the obtained 
spectrum is processed to transform a waveform thereof into 
wave number. Then, it is processed by Hanning window and 
Fast Fourier transform methods to obtain a power spectrum 
thereof and to determine thicknesses of respective layers of 
the multilayer thin film. The above method enables the 
thicknesses of layers of the multilayer thin film to be 
measured at a higher speed and a higher accuracy as compared 



-2- 

to conventional multiple-beam interf erometry in which merely 
an approximate value thereof is obtained by a Newton method 
(refer to Japanese Patent Application Laid-Open ( KOKAI ) No. 
7-294220(1995) ) . 

Meanwhile , upon processing the reflection spectrum, in 
some cases, a power spectrum of a specific layer of the thin 
film tends to be extremely small and exist in a low- 
frequency range depending upon position and thickness of the 
layer. When the thin film having such a layer is measured 
by the above thickness detection method using a fast Fourier 
transform method, the power spectrum thereof which is buried 
in a low-frequency range, must be estimated by 
arithmetically computing the difference between a whole 
thickness of the thin film and thicknesses of several layers 
thereof which are directly measurable. Therefore, in the 
above thickness detection method, the measured thickness of 
such a layer whose power spectrum is buried in a low- 
frequency range, tends to become more inaccurate with 
reduction in the thickness. In addition, the above 
arithmetic processing of certain kinds of samples tends to 
require a longer measuring time as compared to the case 
where the thickness can be directly detected by the power 
spectrum. 

For example, in multilayer thin films recently used in 
functional resin films or information electronic materials, 
respective layers thereof have uniform thicknesses, and each 
thickness is extremely small, for example, as small as less 
than 1 ]jm. For this reason, the above thickness detection 
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method tends to be adversely affected even by slight 
disturbance factors, thereby failing to obtain a sufficient 
measurement accuracy. In particular, in the case of 
slightly colored films, a shape of the spectrum thereof 
tends to be influenced by the color, resulting in poor 
measurement accuracy, and in the worse case, the measurement 
will become impossible. Further, it may be difficult to 
instantaneously measure thicknesses of many portions of the 
film during transportation thereof through a production line. 

SUMMARY OF THE INVENTION 

The present invention has been attained in view of the 
above problems. An object of the present invention is to 
provide a method suitable for measuring thicknesses of 
respective layers of a multilayer thin film used in 
functional resin films or information electronic materials, 
which is capable of measuring the thicknesses at a higher 
accuracy and instantaneously, and also applicable to a 
sample in production line non-destruct. Another object of 
the present invention is to provide a thickness-measuring 
apparatus suitably used for conducting the above method. 

In the present invention, after a reflection spectrum 
or transmission spectrum obtained from a sample is 
transformed into a frequency signal based on wave number 
units, the frequency signal is first subjected to wavelet 
processing to remove components other than coherence signals 
such as absorption spectrum of the sample from the frequency 
signal, thereby manifesting or revealing trace peak signals 
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buried in a low-frequency range, and then such peak signals 
are directly detected to determine thicknesses of the 
respective layers of the sample. 

Namely, the present invention includes the following 
two aspects. 

In a first aspect of the present invention, there is 
provided a method for measuring thicknesses of respective 
layers of a multilayer thin film, comprising: 

irradiating a white light (for example, having a 
wavelength region of from 500 nm to 1000 ran) on a sample 
composed of the multilayer thin film; 

spectrally dispersing a reflected light or transmitted 
light obtained from the sample, and transforming the 
resultant spectrum into a frequency signal based on wave 
number units; and 

subjecting the frequency signal to wavelet processing 
for removing components other than coherence signals from 
the frequency signal, and then to frequency analysis for 
detecting the thicknesses of the respective layers of the 
thin film. 

Also, in a second aspect of the present invention, 
there is provided an apparatus for measuring thicknesses of 
respective layers of a multilayer thin film comprising a 
light source emitting a white light; an irradiating optical 
fiber for irradiating the light emitted from the light 
source onto a sample; a light-receiving optical fiber for 
collecting a reflected light or transmitted light obtained 
from the sample; a monochromator for spectrally dispersing 



-5- 

the light transmitted from the light-receiving optical 
fiber; a multi-channel detector for transforming a spectrum 
obtained by spectrally dispersing the light, into an 
electric signal; and an arithmetic processing means for 
transforming the electric signal output from the multi- 
channel detector into a frequency signal based on wave 
number units and subjecting the frequency signal to an 
arithmetic processing, said arithmetic processing means 
having a function for subjecting the frequency signal to 
wavelet processing for removing components other than 
coherence signals from the frequency signal, and then to 
frequency analysis for detecting the thicknesses of 
respective layers of the thin film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram showing an example of a 
thickness-measuring apparatus according to the present 
invention. 

Fig. 2 is a schematic sectional view showing a layer 
structure of a sample. 

Fig. 3 is a graph showing examples of waveforms of 
signals obtained by subjecting a frequency signal obtained 
from a spectrally dispersed spectrum to wavelet processing. 

Fig. 4 is a graph showing an example of a power 
spectrum obtained by after a wavelet processing, Maximum 
Entropy Method (MEM) that has the highest resolusion in a 
field of a frequency analysis, upon measuring thicknesses of 
layers of a functional resin film. 
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DETAILED DESCRIPTION OF THE INVENTION 

The preferred embodiment of the method and apparatus 
for measuring thicknesses of layers of a multilayer thin 
film according to the present invention is explained with 
reference to the accompanying drawings. Fig. 1 is a block 
diagram showing an example of a thickness-measuring 
apparatus according to the present invention, Fig. 2 is a 
schematic sectional view of a layer structure of a sample , 
Fig. 3 is a graph showing examples of waveforms of signals 
obtained by subjecting a frequency signal obtained from a 
spectrally dispersed spectrum to wavelet processing, and Fig. 
4 is a graph showing an example of a power spectrum obtained 
by MEM after the wavelet processing upon measuring 
thicknesses of layers of a functional resin film. 

For the purpose of explaining the thickness-measuring 
method according to the present invention, the thickness- 
measuring apparatus of the present invention suitable for 
practicing the thickness-measuring method, in which a 
reflected light obtained from the film is used therefor, is 
first explained. As shown in Fig. 1, the thickness- 
measuring apparatus of the present invention is mainly 
constituted by a light source (1) emitting a white light; an 
irradiating optical fiber (2) for irradiating the light 
emitted from the light source onto a sample ( 7 ) ; a light- 
receiving optical fiber (3) for collecting a reflected light 
obtained from the sample (7); a monochromator (4) for 
spectrally dispersing the light (reflected light) 



transmitted from the light-receiving optical fiber; a multi- 
channel detector (5) for transforming a spectrum obtained by 
spectrally dispersing the light into an electric signal; and 
an arithmetic processing means (6) for transforming the 
electric signal output from the multi-channel detector into 
a frequency signal based on wave number units and further 
subjecting the frequency signal to an arithmetic processing. 

As the light source ( 1 ) , there may be used various 
white light sources by which a reflected light having a 
measurable intensity is obtainable. Among these light 
sources, electronic discharge flash apparatuses for 
photographing, so-called stroboscopes, are suitably used for 
obtaining a number of measurement data from a sample moving 
at a high speed. The stroboscopes are preferably capable of 
emitting a light for a radiation period of 5 to 15 jisec at 
intervals of not less than 15 msec in consideration of 
sensitivity of a sensor used in the multi-channel detector 
( 5 ) , a time required for the latter-stage arithmetic 
processing, etc. The emitting intervals of the light source 
(1) can be determined by a control circuit used therefor. 

As the irradiating optical fiber (2) and the light- 
receiving optical fiber (3), there may be used different 
optical fibers from each other. In order to facilitate 
positioning of tip ends of the respective optical fibers and 
simplify a structure of the apparatus, there may be 
preferably used a bifurcated fiber having a such a structure 
that the irradiating optical fiber (2) and the light- 
receiving optical fiber (3) are combined into one fiber at a 
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tip end side thereof, as shown in Fig. 1. Further , as the 
irradiating optical fiber (2), i.e. f the above bifurcated 
fiber , there may be used such an optical fiber capable of 
irradiating a light having a spot diameter of 0.5 to 1.5 mm 
in consideration of resolution of the sensor used in the 
multi-channel detector (5). 

As well known in the art, the monochromator (4) is a 
device for conducting spectral resolution or factorization 
of an incident light, which is constituted by prism or 
diffraction grating. The multi-channel detector (5) is 
provided with a CCD sensor capable of transforming a 
spectrum of the light into an electric signal and outputting 
the electric signal. The monochromator (4) and the multi- 
channel detector (5) are integrated , and are a known an 
apparatus as a multi-channel spectroscope. 

In the present invention, in order to further enhance a 
resolution accuracy of peaks of a power spectrum of the 
spectrally dispersed light, the CCD sensor used in the 
multi-channel detector (5) has plural rows of pixel arrays, 
and can transform the spectrum into such a signal obtained 
by integrating respective peaks of the spectrum by the 
number of the plural rows of pixel arrays. For example, as 
the CCD sensor, there may be used CCD having 128 rows each 
composed of 1024 pixel arrays. Such a CCD sensor is 
commercially available, for example, as one stage air-cooled 
lk-pixel CCD sensor of a back incident type manufactured by 
Hamamatsu Hotonics Co., Ltd. 
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The arithmetic processing means (6) is constituted by 
an information processing apparatus such as computers. The 
arithmetic processing means (6) is such a means for 
transforming the electric signal output from the multi- 
channel detector (5) into a signal based on wave number 
units which are regarded as a frequency signal , and 
subjecting the frequency signal to an arithmetic processing. 
In the present invention , the arithmetic processing means 
(6) has a function for subjecting the frequency signal to 
wavelet processing for removing components other than 
coherence signals from the frequency signal , and then to 
frequency analysis for detecting the thicknesses of 
respective layers of the thin film. 

Next, the thickness-measuring method of the present 
invention together with the above function of the arithmetic 
processing means (6) in the thickness-measuring apparatus 
are explained below. The thickness-measuring method of the 
present invention is a method of detecting thicknesses of 
respective layers of the sample (7) having a light - 
transmittable multilayer thin film by a non-destructive 
method using the above thickness-measuring apparatus. 

As the sample (7), there may be exempified, for example, 
a functional resin film. Such a functional resin film is 
constituted, for example, by a thin film having three layers 
whose intermediate layer may be made of a film having a 
specific function such as oxygen-barrier property. The 
intermediate layer has a thickness of several pm and 
interposed between protective layers laminated on opposite 
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sides thereof. As to the functional resin film having the 
above structure, it is required to measure thicknesses of 
the respective layers thereof at a still higher accuracy 
from the viewpoint of quality control. 

Meanwhile, in the following descriptions, the sample 
(7) having a layer structure shown in Fig. 2 is explained by 
appropriately referring to Fig. 2. In the layer structure 
shown in Fig. 2, reference characters d lf d 2 ••• d n represent 
thicknesses of respective layers formed on the surface of a 
base material, reference characters n 0 , n lf n 2 ••• n N 
represent refractive indices of the base material and the 
respective layers formed thereon, and reference character 
n N+i represents a refractive index of air present on the 
surface of the sample (7). 

In the thickness-measuring method of the present 
invention, the surface of the sample (7) having a multilayer 
thin film is first irradiated with a white light emitted 
from the light source (1) through the optical fiber (2) in 
the vertical direction (9=0). At this time, in order to 
ensure a sufficient coherence by a reflected light and 
obtain a sufficient amount of the reflected light, the white 
light is irradiated on the sample such that a spot diameter 
thereof is 0.5 to 1.5 mm. Further, the white light is 
irradiated on the sample (7) using a stroboscope as the 
light source (1) such that the sample is exposed to the 
white light for a radiation period of 5 to 15 /jsec and at 
intervals of not less than 15 msec. The light reflected 
from the sample (7) is collected by the optical fiber (3) 
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though which the light is then introduced into the multi- 
channel spectroscope where the light is spectrally dispersed 
by the monochromator ( 4 ) . 

Next, the spectrum obtained by the spectral dispersion 
using the monochromator (4) is transformed into an electric 
signal by the multi-channel detector (5). More specifically, 
an intensity of the spectrally dispersed spectrum is 
detected by the multi-channel detector (5) to obtain a 
signal indicating the intensity of the spectrally dispersed 
spectrum. In the multi-channel detector (5), in order to 
further enhance the resolution accuracy of peaks of a power 
spectrum of the spectrally dispersed light, the CCD sensor 
of a back incident type, which has plural rows of pixel 
arrays as described above, is used to transform the spectrum 
into such a signal obtained by integrating peaks of the 
spectrum by the number of plural rows of pixel arrays. 

Then, the electric signal obtained by the multi-channel 
detector (5) is introduced into the arithmetic processing 
means (6) where the electric signal is transformed into a 
signal based on wave number units, and the signal that is 
regarded as a frequency signal is subjected to a frequency 
analysis . 

When a reflection spectrum in the wavelength range is 
transformed into the frequency signal as described above, 
the signal in the wavelength range is converted into an 
inverse number of the wavelength (X), namely, a wave number 
(a). In this case, on the basis of the relationship 
represented by the formula: d (layer thickness) = 
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( l/2n) (Aa)" 1 , wherein n is a refractive index, the layer 
thickness d depends only upon a difference between the wave 
numbers, i.e., Ao= o x - o 2 (o± = X^- 1 , i = 1, 2), and is 
independent from the wavelength (XI) upon initiation of the 
measurement as indicated by the following formula (1): 

d=(m/2n) (1/cose) (1/Ao) (1) 

wherein m = 1 and 0 represents an angle of refraction. 

Meanwhile, the wavelengths at starting point and end 
point for using the above formula upon calculation 
correspond to respective positions of the adjacent peaks. 

In the present invention, in order to manifest or 
reveal a trace peak signal buried in a low-frequency range, 
the obtained frequency signal is first subjected to 
processing by wavelet having a compact support in a 
normalized orthogonal system, specifically to a multiple 
resolution analysis processing, in order to remove 
components other than coherence signals, for example, 
components corresponding to absorption spectrum of the 
sample (7), from the frequency signal. Here, the "compact 
support" means such a range in which the wavelet function is 
not zero. 

More specifically, a whole signal S obtained by 
transforming the reflection spectrum into the signal in the 
wave number range is represented by the following formula 
(2): 

S = a n + d n + d (n . X) + + d x (2) 



-13- 



wherein a n represents the n-th approximation signal; d n 
represents the n-th detail signal. 

When the frequency signal in the wave number range is 
subjected to the above wavelet processing, it is possible to 
remove the absorption spectrum, etc. (components other than 
coherence signals) from the whole frequency signal, and 
obtain a signal (S - a n ), in other words, a signal composed 

of only detail signals (d n + d^.^ + ••• + d x ). 

The wavelet function used for the wavelet processing is 
known in the art. For example, there may be used the 
Daubechies wavelet represented by the following general 
formula (3-1): 

2N-1 _ 

¥(x) =2 |3nV2(p (2x-n) 

n=0 ( 3_ 1} 
wherein (3 n is given by the following formula (3-2): 

Pn = (-l> n <*2N-i-n (3-2) 

wherein a n satisfies the following formula (3-3) : 
2N-1 

£ oc n a n+ 2k=5ko, kEZ 

m=n (3-3) 

When the frequency signal is subjected to the above 
wavelet processing, it is possible to remove the components 
other than coherence signals therefrom, and manifest or 
reveal the trace peak signal buried in a low-frequency range, 
as described above. The whole signal S obtained by 
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transfonning the reflection spectrum into the signal in the 
wave number range , as well as detail signals obtained after 
the wavelet processing are illustratively shown in Fig. 3. 

Meanwhile , in the above wavelet processing , the order 
and decomposition level as parameters of the processing are 
appropriately preset according to the thicknesses of 
respective layers of the sample (7). For example, when the 
layer thickness is in the range of about 20 to 40 jum, the 
order and decomposition level may be preset to about 16 to 
20 and about 5 to 8, respectively. 

Upon the presetting of the order in the wavelet , as the 
order is increased, the resultant signal can be approximated 
to the initial signal. However, when the order is enhanced 
to a more than necessary level, the signal tends to be 
considerably influenced by noises. Therefore, it is 
required to determine the order in the wavelet by evaluating 
the interrelation between each order and the whole signal S 
in consideration of properties of the sample (7). On the 
other hand, the decomposition level in the wavelet may be 
determined as follows. That is, after determining the order, 
a wave form of the approximate signal a n in the above whole 
signal S is evaluated by increasing the order sequentially 
from 1 for determining the decomposition level. 

As described above, after removing the components other 
than coherence signals from the frequency signal, the 
resultant signal is subjected to ordinary frequency analysis, 
thereby detecting the thicknesses of respective layers of 
the thin film. As the frequency analysis, there may be 
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adopted such a processing in which the frequency components 
are subjected, for example, to fast Fourier transform (FFT) 
as one of statistic analyses therefor as described in 
Japanese Patent Application Laid-Open ( KOKAI ) No. 11- 
51618(1999). In addition, the frequency analysis may also 
be conducted by maximum entropy method (MEM). The maximum 
entropy method is such a method in which the peak spectrum 
required for determining the thickness is estimated from the 
waveform signals (the above detail signals) using an 
estimated model represented by n-order differential equation. 
The maximum entropy method is more excellent in frequency 
resolution as compared to the fast Fourier transform. 

Upon the arithmetic processing for obtaining the layer 
thickness d, the interpretation of the peak of the power 
spectrum is conducted on the basis of the model approximated 
by the following formula (4) from the data obtained by fast 
Fourier transform or Maximum Entropy Method after wavelet 
processing. 

Upon the arithmetic processing for obtaining the layer 
thickness d, the interpretation of the peak of the power 
spectrum (for example, determination of the peak obtained by 
synthesizing any two of the layers) is conducted on the 
basis of the model approximated by the following formula (4) 
from the data obtained by fast Fourier transform or Maximum 
Entropy Method after wavelet processing. 



R s r 1 + r 2 exp(-2i5 1 ) + r 3 exp{-2i ( 5 X + 5 2 ) } + + 

r N+1 exp{-2i(5 1 +5 2 +- • -+6 N ) (4) 
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Next, the following formula is established as to the j- 
th peak position, a whole thickness is readily obtained by 
known method and apparatus, and the refractive indices nj of 
the respective layers are known. Therefore, the respective 
layers of the thin film can be sequentially calculated 
according to the following formula (5). 

J 

2£ nidi=l/Aa 

i-o (5) 

Ao = (M/kj ) -1 

wherein M is the number of signals; kj is the j-th peak 
position; and 1 is a resolution (= measuring wave number 
range/data number contributing to processing). 

As described above, in the thickness-measuring method 
and apparatus according to the present invention, after the 
reflection spectrum obtained from the sample (7) is 
transformed into the frequency signal, the resultant 
frequency signal is first subjected to wavelet processing to 
remove components other than coherence signals such as 
absorption spectrum of the sample (7) from the frequency 
signal, thereby manifesting or revealing the trace peak 
signal buried in a low-frequency range so that such a peak 
signal can be directly detected. Accordingly, the 
thicknesses of the respective layers on the surface of the 
extremely thin sample (7) which have, for example, a 
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thickness as small as 0.4 to 1.5 jum, can be measured at a 
higher accuracy and instantaneously. As a result, even when 
the sample (7) is moved at a speed as high as 300 m/min, the 
thicknesses of respective layers thereof can be measured at 
a high accuracy. Meanwhile, in the present invention, in 
addition to the reflected light, a transmitted light that is 
transmitted through the sample may also be used to measure 
the layer thickness of the thin film. 

While transporting a transparent functional resin film 
having a three-layer structure at a speed of 100 m/min, the 
thicknesses of respective layers thereof were measured using 
the thickness-measuring method and apparatus of the present 
invention. As a result, a power spectrum as shown in Fig. 4 
was obtained by the wavelet processing. Further, from 
respective peaks of such a power spectrum, a thickness of 
the first layer located on the surface side of the film, a 
total thickness of the first and second layers, and a whole 
thickness of the film were determined. In addition, it was 
confirmed that the thicknesses of the first to third layers 
were 5.4 jim, 5.2 jjm and 4.1 pirn, respectively. 

According to the present invention, after a spectrum of 
a reflected or transmitted light obtained from a sample is 
transformed into a frequency signal, the resultant frequency 
signal is first subjected to wavelet processing to remove 
components other than coherence signals from the frequency 
signal, thereby manifesting or revealing a trace peak signal 
buried in a low-frequency range and then directly detecting 
such a peak signal. Therefore, it is possible to measure 
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thicknesses of respective layers on the surface of the 
extremely thin sample at a still higher accuracy and 
instantaneously, and further measure thicknesses of 
respective layers of even a sample in production line non- 
destruct at a high accuracy. 



